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Environmental tobacco smoke (ETS) results from the mixing of two different sources (types) of tobacco
smoke; that which emanates from the burning end of a cigarette (sidestream smoke (SS)) and  that which
is exhaled by the smoker (exhaled mainstream smoker (EMS) ). As sidestream and exhaled mainstream
smoke enter the environment, they are mixed and diluted to form ETS.  The relative contributions of SS
and EMS to the composition of ETS is not fixed but depends on both product typei (see Table 1) and the
behavioural characteristics of the smoker.

Table 1

Constituent
Cigarette Type CO Particulate Nicotine

(%) (%) (%)
Phase

Flue-cured 11 43 7
US-Blend 13 15 9
Filter Ventilated 3 20 1

Estimated Contribution of Exhaled Mainstream Tobacco 
Smoke to the Concentration of ETS Constituents

There is little published information on the characteristics of EMS.  By comparison, SS has been studied
in depth in numerous publications over many years(1).  Since the properties of ETS are largely determined
by the characteristics of sidestream smoke, it is instructive to examine the composition and behaviour of
this complex aerosol in a little more detail.
Composition based on Sidestream Studies

Prior to 1989, most studies of SS used a small closed water-cooled chamber for the generation and
collection of SSii  (Figure 1) which has been largely replaced by the British American Tobacco (BAT)
‘fish-tailed’ chamber pictured below (see Figure 2)iii.  Cigarettes are placed, lit and smoked at the base of
the fishtail.   Sidestream constituents are collected by drawing air at the rate of from 2 to 3 litres per
minute over the burning cigarette and through an appropriate trapping or collection medium.  These are a
Cambridge® filter holder and pad for particulates followed by impingers and trapping solutions for gas
phase constituents.  Analytical techniques for specific compounds are similar to those used for
mainstream smoke (see reference iv for example).

In 1998 the Government of Canada introduced a reporting requirement for sidstream emissions and
mandated the specific methodologies to be employed.  This expanded reporting requirement includes 42
compounds in 8 chemical classes for all tobacco products which are burnt under normal conditions of use
(i.e. cigarettes, cigars, leaf tobacco, roll-your-own tobaccos, cigars, pipe tobaccos, bidis and kreteks)v..
Since ETS is due, largely, to the sidestream smoke which emanates from the lit end of cigarettes, large
reductions in ETS might be possible if sidestream emissions were reduced.  Implicit in this requirement is
the recognition that Canadians will continue to smoke in private areas, such as the home, in spite of total
bans in many public placesvi.

Tables 4.3-1 and 4.5.4-1 which may be found in reference vii contain levels for many toxic constituents
found in both the mainstream and sidestream tobacco smoke from a reference (control) cigarette.  The
results illustrate a number of points.

Sidestream and mainstream smoke are similar in terms of chemical composition but differ with respect to
the concentration of specific components.
Sidestream yields (SS) are considerably greater than mainstream yields (MS)

It is also worth noting that although mainstream yields increase dramatically under ‘intense’ smoking
conditions, the corresponding sidestream yields actually decreaseviii.  Consequently sidestream yields
under ‘standard’ smoking conditions represent the maximum potential contribution of sidestream smoke
to ETS.

                                                       
(1) See Klus, H., and Kuhn, Distribution of various tobacco smoke components among mainstream and sidestream
smoke.  Beitrage Tabakforshung Internatl. 1982; 11:229-265 (137 references) for a summary of results from early
studies.  Consult Klus, H, Distribution of Mainstream and Sidestream Cigarette Smoke Components.  Rec. Adv.
Tob. Sci. 1990; 16:189-232 for a more recent review (90 references)



Sidestream and mainstream yields are both related to “tar” yield but there are significant differences in
the nature of the dependency.  This point can be demonstrated using the results from a 40 brand survey of
yields of the carcinogen, benzene(2).  Whereas mainstream benzene yields increase with increasing “tar”,
sidestream yields decrease (i.e. low yield “tar” brands deliver more benzene to the environment than do
high yield brands).  This is also true of the carcinogenic benzo[a]pyrene as shown if figure 3B.

Properties of ETS
The properties of ETS can not be explained on the basis of the chemical composition of either exhaled
mainstream smoke or sidesteam smoke.  ETS is a dynamic mixture of both and is continually changing
due to chemical and photchemical reactions, adsorption and absorption onto surfaces and reaction with
the various components in ventilation systems.  This point can be illustrated by examining changes in the
carbonyl composition of ETS as it ‘ages’ under controlled laboratory conditions(3).

In this project cigarette smoke was generated by the sequential smoking of single cigarettes in a 27m3

controlled environment room.  Temperature was maintained at 22oC, relative humidity at 40% with a
ventilation rate of 0.4 air exchanges per hour (ACH).  Samples were acquired every 20 minutes and the
carbonyl content determinedix.  As expected, reactive compounds, such as formaldehyde, decrease
relative to other compounds such as acetaldehyde which increases.  There is also a relative increase in
acrolein with time which may help explain the eye irritation experienced by many in the presence of ETS.

Differences in reactivities have implications for any procedure that purports to ‘measure’ ETS.  For
example, it has been reported that nicotine in ambient air decays 3.8 times as fast as tobacco smoke
particulates; this point is crucial to the question of estimating ETS exposures based on nicotinex.  The
potential magnitude and direction of potential errors can be determined through simulations using models
developed for this purposexi.  Figure 5 illustrates the results for both ETS particulates and environmental
nicotine in the air of  a typical 340 m3 home where the effective ventilation rate is 0.75 ACHx.  In
developing the simulation it was assumed that cigarette emissions were knownviii and equivalent to the
continuous smoking of one cigarette.

In this simulation, equilibrium values for nicotine (19 ug/m3 ) are reached within approximately 2.5 hours
but over 4 hours of smoking are required before ETS particulates reach the limiting value of about 300
ug/m3 .  Thus the particulate (P):nicotine (N) ratio undergoes continual change from an initial value of
about 8 to a final value of about 15.  Using the average P/N value of 13.6 clearly overestimates ETS
particulates initially but later, results in overestimate.  Consequently, it is extremely important to ensure
adequate sampling times when estimating the concentration of one or more constituents of ETS based on
the concentration of anotherxii.

Estimation of ETS Exposure
Several types of environmental tobacco smoke (ETS) exposure measures have been used, including:
questionnaires to record spousal smoking habits; questionnaires to record exposures at home and outside
the home; biological sampling using tobacco smoke markers such as thiocyanate, carbon monoxide,
carboxyhemoglobin, and nicotine; stationary air sampling to measure carbon monoxide, aromatic
hydrocarbons, respirable suspended particulates, and nicotine; personal sampling with pump-driven
nicotine and respirable suspended particulate samplers; and personal sampling with a diffusion-based
nicotine monitor.  Biological markers, such as salivary, urinary, or blood cotinine can be used to
determine a person's recent exposure to nicotine.  Biological markers, such as thiocyanate and carbon
monoxide are not specific for environmental tobacco smokexiii.

Exposures to ETS consist of contact between individuals and ETS air contaminants at specific
concentrations for a specified time period.  ETS exposures are therefore expressed as concentration
multiplied by time.  It is crucial that the exposure data be gathered on a time frame related to the health or
comfort effect of concern.  Studies of ETS-associated diseases (e.g. lung cancer) require ETS exposure
measures integrated over periods of years, whereas studies of ETS-associated acute effects (e.g. odour,

                                                       
2 Contract research project sponsored by Health Canada.  Reference: Rickert, W.S., Tobacco Smoke Benzene and
Phenols: Results from a 40 Brand Survey of Canadian Cigarettes.  Report dated April 24, 1992, Canadian Office of
Tobacco Control (Contract No. H4078-1-C052/01-SS)
3 Contract research project sponsored by Health Canada. Reference: Rickert, W.S., Evaluation of the Potential
Contribution of Tobacco Smoke to Levels of Ambient Air Pollutants.  Report dated April 30, 1993.  Canadian
Office of Tobacco Control (Contract No. H4078-2-C511/01-SS)



eye irritation) require exposure measures over a period of minutes.  Specification of the biological
response time under study is important in developing an ETS exposure assessment strategy.

Direct and indirect techniques can be utilized which permit an accurate assessment of an individual's or a
population's exposure to ETS.  The direct method of ETS exposure can be assessed through the use of
personal monitoring and biomarkers, whereas the indirect method models exposures through the use of
air-sampling, space measurements, and questionnaires.  Personal monitors can be used to estimate ETS
air contaminant concentrations at or near the breathing zone and are worn by an individual as he or she
conducts their daily activitiesxiv.  Air monitoring of environmental tobacco smoke constituents provides a
more direct estimate of room concentration, or, if the monitor is worn by the subject, of personal
exposure.  Vapour phase nicotine, which is a specific marker of ETS exposure, can be measured with
either active or passive samplersxv.  Active samplers use a pump to pull airborne contaminants through a
collection device, while passive samplers depend on molecular diffusion to deliver the contaminant to the
collection medium.  Thus they provide an integrated measure of exposurexiv.  Biomarkers for ETS are
actually indicators of dose.  It is, however, difficult to relate biomarker levels to specific air exposures
because of limitations in the understanding of such factors as uptake, distribution, metabolism, and site
and mode of action of the contaminants.  The indirect method of assessing ETS exposures utilizes air-
sampling measurements of ETS contaminants in spaces, modeling, and questionnaires to estimate ETS
concentrations in indoor environments.  These measured or modeled concentrations are then combined
with estimates or measurements of an individual's time in those environments to calculate exposurexvi.

Area Monitoring
Rationale
Although epidemiology has demonstrated that ETS exposure is associated with increased risk, this type of
study may not be able to answer more specific questions concerning ETS and human healthxvii.  For
example, epidemiological investigations have not attempted to identify or to quantify the carcinogens,
mutagens, and other types of toxicants found in ETS.  This is due to the fact that ETS has a range of
compositions, depending on ventilation, surfaces, source input rates, lighting, and other factors which
depend on the specific environment under considerationxviii.  Given the complex unstable nature of ETS it
can not be “measured” in the classical sense.  The best that can hoped for is an assessment of specific
constituents of known significance with respect to human health or the measurement of constituents
related, in some predictable manner, to one or more tobacco smoke toxins.

Use of Surrogates
Under equilibrium conditions, it is possible to infer the concentration of ETS based on a few key
indicators or surrogates.  Ideally, surrogates should have the following propertiesxix

unique or nearly unique to the tobacco smoke so that other sources are minor in comparison.
present in sufficient quantity such that it can be easily detected in air, even at low smoking rates
similar in emission rates for a variety of tobacco products in a fairly consistent ratio to the individual
contaminant of interest or category of contaminants of interest (e.g., suspended particulates) under a range
of environmental conditions encountered and for a variety of tobacco products.

No single measure has met all the criteria outlined above, nor has any measure been universally accepted
or recognized as predictive of ETS concentration and potential exposure and dose.  Nicotine, carbon
monoxide, 3-ethenylpyridine, nitrogen dioxide, pyridine, aldehydes, nitrous acid, acrolein, benzene,
toluene, myosmine, and several other compounds have been used or been suggested for use as markers or
proxies for the vapour-phase constituents of ETS.  Tobacco-specific nitrosamines, particle-phase nicotine
and cotinine, solanesol, polonium-210, benzo[a]pyrene, potassium, chromium, and respirable suspended
particle (RSP) mass are among the air contaminants used or suggested for use as markers for particle-
phase constituents of ETS xx.  This list has been reduced considerably in recent studies to five ETS
constituents (see referencesxiv,xxi,xxii).  These are respirable suspended particulates, ultraviolet and/or
fluorescent particulate matter, and solanesol for ETS particulate phase and nicotine and 3 vinyl pyridine
for the gas phase.  Each is described in more detail in the following sections.

Respirable Suspended Particulates (RSP)
The combustion of tobacco results in the emission of significant quantities of RSP in the indoor
environment, amounts which result in measurable RSP increases over background levels even under
conditions of high ventilation and low smoking rates.  Indoor RSP background levels emanate from both
outdoor and indoor sources, other than ETS, and are chemically and biologically different from ETS-



associated RSP.  A number of accepted methods, including gravimetric, optical, piezoelectric, etc., are
used to measure personal RSP exposures and concentrations in indoor environmentsxxiii.

In the gravimetric procedure, air is drawn at 2.0 l/min. through a 3.5 ? m cut-off impactor and particulates
collected on a 1.0 ? m pore size membrane filter.  The difference between the tare weight of the filter and
the final weight after sampling is recorded as the mass of RSPxxiv.
The reasons for using RSP as an environmental tobacco smoke marker include the following: (1) some of
the most toxic compounds (including carcinogens) are found in the particle phase of ETS;(2) RSP
concentrations can be correlated with number of cigarettes smoked in indoor environments; and (3) RSP
is easily measurable above background levels in indoor environments as long as there are no other major
sources of particles.

There are several disadvantages in the use of this tracer, however.  RSP is not unique to environmental
tobacco smoke, and it is not an adequate measure of environmental tobacco smoke exposure in the
presence of other sources of RSP.  For example, using a more specific marker for ETS particulates (UV-
PM, see below) it has been demonstrated that only 10% of the total RSP was actually due to smokingxxv.

Ultraviolet Absorbing Particulates (UV-PM)
A method has been described for rapid determination of tobacco smoke particulates was first published in
1990xxvi  and later developed as a standard (ASTM) methodxxiv.  In this procedure, samples are drawn at
2.0 1/min through a 3.5 µm cut-off impactor and collected on a 1.0 µm pore size membrane filter.  After
weighing, the filters are extracted with methanol and the UV absorbance of the extract measured at 325
nm resulting in a value referred to as UV-PM.
In addition to simplicity, this method has a number of important advantages over traditional surrogate
methods.  UV-PM is a direct rather than indirect estimate of ETS concentration and is capable of
quantitating particulates from tobacco smoke in the presence of particulates from other sources xxvii.

This procedure has been evaluated in relation to other direct measures and has been found to be
equivalent to traditional gravimetric methods UV-PM has been used to evaluate ETS concentrations in
field settings xxv,xxviii.
Nicotine

Passivexiii and activexxix ambient air monitoring continue to be widely used in assessments of ETS
concentrations.  The ASTM standard method involves collection by means of active sampling through
XAD-4 resin and gas chromatographic analysis using a nitrogen selective detector.  Limits of detection
and quantitation have been reported to be 0.02 ug/m3 and 0.2 ug/m3 for an 8 h sample (sampling rate of
1L/min)xxx

Nicotine is used as a tracer because it is unique to tobacco smoke and it is easily measurable at realistic
concentrations in indoor environments.  Potential disadvantages of nicotine as a tracer of environmental
tobacco smoke include the following: (1) nicotine deposited on surfaces can be remitted to the gas phase,
(2) only preliminary data are available on the removal of nicotine relative to other environmental tobacco
smoke compounds in the indoor environment (3) there may be problems associated with the unambiguous
sampling of gas- and particulate-phase nicotine and (4), it is not clear what ratio should be used in the
conversion to µg/m3 particulate matter (PM) (4.)

3-Vinylpyridine
3-Vinylpyridine is formed from nicotine during the smoking of tobacco products.  Consequently it is found in
mainstream and sidestream smoke of cigarettes and cigars and in environmental tobacco smoke.  This
compound has a major advantage over nicotine as a marker for the gas phase of ETS since studies from
indoor environments indicate that gas phase nicotine is removed at a much faster rate than 3-vinylpyridinexxxi.
Since deposition losses of 3-vinylpyridine and particulate phase nicotine are very similar in indoor
environments, vinylpyridine/particulate ratios would be expected to be less variable than the corresponding
nicotine/particulate ratiosxxxi.  Note that experiments conducted in indoor environments indicate that the
observed ratio of particles to nicotine present in environments dominated by smoking vary from 6 to 50 g
particles/g nicotine xxxii xxxiii xxxiv.

                                                       
4 It should be noted that the issue of the ratio of nicotine to PM is not critical since results for nicotine should not be
used to estimate levels of PM.  Nicotine is a gas phase component and has merit only within this context.



3-vinylpyridine can be determined in samples collected for nicotinexxxv but levels will be less than those
recorded for nicotine reducing its sensitivity as a markerxxxi.  ASTM has published a standard method for the
determination of both compounds.  This test method is based upon the collection of 3-vinyl pyridine by
adsorption on XAD-4 resin, extraction of the resin and quatitation by gas chromatography.  Limits of
detection and quantitation have been determined to be 0.01 ug/m3  and 0.02 ug/m3  respectively (sampling
rate of 1L/min for 8 h)xxxvi   Average 3-vinylpyridine concentration over a 70 minute period after the smoking
of four IRI Kentucky reference cigarettes (30m3 room) was 738 nmol/m3; the corresponding values for
nicotine were: gas phase 3800 nmol/m3 and particulate phase 153 nmol/m3 xxxv.

Solanesol
Solanesol, a trisesquiterpenoid alcohol characteristic of the Solanaceae family of plants which includes
tobacco, has also been used as a marker for ETS particulate matterxxxvii .  Like nicotine, it is anticipated
that the only measurable contribution of solanesol to an indoor environment would be from tobacco
sources.  Solanesol is, of course, characteristic of plants in the Solanaceae family, a member of which is
the Nicotiana genus.  Many other members of this family that contain solanesol are also those that contain
traces of nicotine, e.g., tomato, potato, eggplant, and pepper.  Outside of a remote possibility arising from
cooking sources, the potential for interference is extremely minute.

Unlike nicotine, solanesol is not expected to shift equilibrium between vapour and particle phases of the
ETS aerosol under any normal conditions encountered in an indoor environment.  Additionally, because
of its high molecular weight and extreme nonvolatility, solanesol is truly associated only with the particle
phase of ETS and will not be lost from filter pads used for collection due to evaporation (as can happen
with nicotine, neophytadiene, and other major tobacco smoke constituents).  This has been verified in
chamber experiments using various combinations of filter pads and XAD-4 sorbet tubes connected in
seriesxxxviii. Solanesol is determined by extracting ETS-RSP filtersxxiv with methanol and then subjecting
an aliquot to liquid chromatography.  Limit of and detection has been reported to be 0.05 ug/m3 xxxix.  In
another set of experiments the average ratio of RSP to solanesol was determined to be 43xl.  Other
Surrogates (+)-a-Tochopherol is found in whole tobacco, and tobacco smoke particulates leading to the
suggestion that (+)-a-tochopherol could function as an ETS particulate markerxli.  Initial experiments have
established that (+)-a-tochopherol  to be equivalent to solanesol in terms of a consistent ratio to ETS-
RSP’s .  However limits of detection were less than those established for solanesol-RSP (5 ug/m3 ETS-
RSP vs. 0.4 ug/m3 respectively)xlii

A commonly used system of color notation, developed by A.H. Munsell, uniquely identifies color in
terms of three attributes; Hue (H), which is a circular 100 step scale describing a color position in the
red..green...red-purple continuum; Value (V) or Lightness (L) which specifies the degree of grayness on a
10 point scale and Chroma (C) which ,for a specific value of H, quantitates the degree of departure from
neutral gray.  Specific values for each of the attributes can be determined by reflectance spectrometry in
which the light reflected from a xenon source is analyzed by a 20 channel photodiode array.

Tobacco smoke particulates have a characteristic colour which can be used as a tool for quantitation
based on the Munsell system.  In this procedure, ETS particulates are collected on fluorapore membranes
as described for UVPMxxiv and solanesol.  Calibration curves of ETS-RSP and Hue (defined above) are
linear with a lower detection limit of about 50 ug/m3 .  Although the method has the advantage of being
non destructive, its lack of sensitivity severely limits its scope of applicationxliii.

Surrogate Evaluation (A Home Environment Source Apportionment Study )
In 1994 a series of Canadian Government sponsored experiments(5) was carried out to determine the ability
of commonly used surrogates to correctly apportion ETS related constituents among common sources found
in homes.  These included cigarette smoke, oil-burning lamps, wood smoke, incense and candles.
Experiments were carried out in a 37m3 controlled environment room with 0.5 air exchanges per hour; the
median value recorded in a U.S. survey of 312 homesxvii and was the ventilation rated employed in all
experiments.  Temperature was controlled at 21°C and the humidity at 40%.  A brief description of pollutant
sources is as follows:

                                                       
5 Contract research project sponsored by Health Canada.  Reference: Rickert, W.S., Validation of Methods for the
Quantitation of ETS Constituents, Final Report dated June 30, 1994, Canadian Office of Tobacco Control (Contract
File No. 066SS.H4078-3-C000)



Cigarettes (CSS and CSM)
ETS was produced by smoking a popular Canadian cigarette at a rate of 2 cigarettes per hour. This level was
chosen as being that anticipated in the home environment for a one-pack-a-day smoker, who consumes 30%
of his cigarettes at home during a 4 hour interval.   It has been reported that ETS particulates from flue-cured
tobacco, which is typical of Canadian cigarettes, are made up of 43% exhaled mainstream smoke (see Table
1).  Consequently 2 types of cigarette smoke were employed; sidestream only (CSS) and sidestream plus
50% mainstream (CSM).  A value of 50% was chosen as being easy to achieve and as representing a "worst
case" scenario.  Cigarettes were smoked sequentially by a Phipps and Bird single port smoking machine
located in the centre of the room.  Cigarettes were lit and replaced in sequential fashion without entering the
room or disturbing the room environment.  Since it took approximately 10 minutes to complete the smoking
process, a typical hour consisted of 20 minutes no smoking followed by a 10 minute smoking period then
another 20 minute non smoking period followed by a 10 minute smoking period with the cycle repeating for
a total of 6 hours.  Cigarettes were smoked according to standard protocols (puff volume, 35 ml; puff
duration, 2 seconds and interpuff interval, 58 seconds).

Incense (INC)
Incense described as “Earth Scents - Rose” is a hand made ‘natural’ Canadian product.  Segments of
incense were approximately 140-180 mm long, about 3 mm in diameter, and weigh about 1.00 g on
average.  Between 6 and 8 were burnt during the 6 hour course of the experiment.

Candles (CAN)
White 12” taper candles were purchased under the brand name “Bayonette”.  Each candle was about 2 cm
at the base (widest portion) and from 8-9” were burnt before replacement.  Total candle weight was about
70 g and that 3 were consumed during the course of a 6 hour experiment.  All three were burnt
simultaneously not sequentially.

Lamp (LAP)
A common wick-type coal-oil burning lamp was used as a continuous source of emissions throughout the
experiment.

Wood (WOD)
Hagen White Natural Cedar Shavings (no preservatives or additives) were ground in a Moulinex blender
to the consistency of saw dust.  450 mg of this blend were used to fill Export A KSF filter tubes.  The
tubes were filled using a funnel made from a plastic disposable pipette.  The ends of the cigarette tubes
were then folded to prevent wood loss due to handling.  Wood ‘cigarettes’ were continuously smoked on
the Borgwaldt single port smoking machine with a 35 ml puff volume and 120 second puff interval.
Pulverised wood ‘Cigarettes’ typically lasted for 5 puffs at these conditions.  Both mainstream and
sidestream smoke were allowed to diffuse freely into the room air.

Tobacco cigarettes were smoked separately and in conjunction with continuous a background from either
an oil-lamp, incense, wood smoke or candles as summarized below.

    (1) Sidestream only (CSS)
    (2) Sidestream + 50% mainstream (CSM)
    (3) Candles (CAN)
    (4) Incense (INC)
    (5) Wood "cigarettes"(WOD)
    (6) Lamp (LAP)
    (7) (CSS) + (CAN)
    (8) (CSS) + (INC)
    (9) (CSS) + (WOD)
    (10) (CSS) + (LAP)
    (11) (CSM) + (CAN)
    (12) (CSM) + (INC)
    (13) (CSM) + (WOD)
    (14) (CSM) + (LAP)

Response variables which were measured included total and diffusion monitor nicotine, 3-vinylpyridine,
oxides of nitrogen, carbon monoxide, HCN, respirable particulates (continuous and gravimetric),
benzo[a]pyrene, 8 carbonyls, 6 phenolics, benzene, toluene, solanesol, and UV-PM.



Results
Both wood smoke and tobacco smoke produce particulates which absorb in the ultraviolet (UV-PM) as
illustrated in Figure 6A.  As a result, a regression of UV-PM on total particulates was found to be highly
significant passing through the origin with a slope of 0.705 (R2=86.6%).  The regression of solanesol on total
particulates was not significant but with an intercept of 1.509 µg/m3 which is the average level of solanesol
taken over all experiments.  When tobacco smoke particulates (TSP) are considered, both solanesol and
passive monitor nicotine "correctly" predicted the concentration of TSP in the presence of the strongest
source of particulates, wood smoke.

The most significant source of the carcinogen benzene was burning incense.  Burning candles and lamp oil
contributed little if any benzene (95% confidence interval covers zero) while the most intense source of
tobacco (CSM) resulted in levels of benzene which were only 21% of those found when burning incense was
the only source of combustion.  A similar pattern was found with respect to the relative contributions of
various pollutant sources to levels of benzo[a]pyrene, another well known carcinogen (Figure 6B)

The following is summary of results for other common pollutants of indoor air

Source Relative Ranking

Wood Smoke highest for particulates
highest for formaldehyde
highest for acrolein
highest for CO

Incense highest for crotonaldehyde
highest for benzo[a]pyrene
highest for benzene/toluene

Tobacco Smoke highest for hydrogen cyanide
highest for proponaldehyde
highest for acetaldehyde

Candles highest for NO

Three "best" candidates for ETS surrogates based on prediction ability for particulates unique to ETS in the
presence of other particulates were nicotine and solanesol.  Since UV-PM is produced, to a major extent, by
sources other than tobacco, it should be used with caution.  Since solanesol is more difficult and, therefore,
costly to determine, it would seem reasonable to use passive monitor nicotine as the single best choice as a
tobacco smoke surrogate.  However, this ignores three major considerations.

Since nicotine is revolatilized from surfaces, concentrations in ambient air reflect the sum of past and current
smoking.  Consequently, it is possible to obtain measurements for nicotine in environments where smoking
has not taken place for some time.  Since nicotine is ubiquitous in the environment, contamination of samples
taken for analysis is always an important consideration. Nicotine is not found in the particulate phase in ETS;
consequently it is not an adequate indicator for tobacco smoke particulates.  Solanesol is found only in the
particulate phase and a reasonable surrogate for tobacco smoke particulates.  Consequently, when resources
permit, it is recommended that both solanesol and nicotine be used to estimate levels of ETS.

Biomonitoring
Nicotine, Cotinine and Trans 3-hydroxy Cotinine in Biological Fluids
After absorption and biotransformation of nicotine, the urinary distribution of nicotine phase I metabolites
is : nicotine 10%, cotinine 13%, trans-3'-hydroxycotinine 35%, nicotine-N'-oxide 7%, cotinine-N'-oxide
4% and demethylcotinine 2%; phase II metabolites include nicotine glucuronide 3%, cotinine glucuronide
17% and trans-3'-hydroxycotinine glucuronide 9%xliv.  Cotinine is commonly used as a biomarker for
exposure to ETS.  However, large interindividual variations exist in the biodisposition of cotinine
xlv,xlvi,xlvii,xlviiixlix.  Moreover, this metabolite would be a relevant biomarker of ETS exposure only if it is
one of the major end-metabolites of the parent compound.  This is not the casel ,li,lii,liii and puts into
question the use of cotinine as a biomarker at low levels of exposure.  At the very least, studies need to be
done to compare both cotinine and 3'-hydroxycotinine as potential markers for exposure to nicotine.

Another question which needs to be addressed is the ratio of nicotine (and its metabolites) to other
tobacco smoke constituents, including polycyclic aromatic hydrocarbons, nitrosamines etc.  Mainstream



Smoke (that inhaled by the smoker) is different from the EMS and SS which comprise ETSliv,lv. As a
consequence of these differences, estimates of ETS exposure based on measures of nicotine or its
metabolites in biological fluids of nonsmokers is likely to be misleading, at least in terms of increased
lung cancer incidence.  An ETS-exposed person, even though excreting the same amount of urinary
cotinine, may have been exposed to 10 times less RSP than MS-exposed smokerslvi.

The general conclusions of many ETS studies that measure nicotine and/or cotinine are: (1) that
experimental data are not always comparable among different studies, in particular with regard to urinary
excretion; (2) because of its longer half-life, cotinine is likely to be a more suitable marker than nicotine;
(3) saliva and urinary concentrations of cotinine correlate with serum concentrations; (4) passive smokers
have, in their physiological fluids, concentrations of cotinine equivalent to a few ng/ml or ng/mg
creatinine as compared to hundreds or thousands of ng/ml or ng/mg creatinine in active smokers; (5) such
parameters might be valid for estimating acute exposure to relatively high levels of ETS; and (6) at low
levels of exposure to ETS, nonsmokers have concentrations of nicotine and/or cotinine in their biological
fluids, which are not very different from those measured in nonsmokers not exposed to any identified
ETSxlix.  However, cotinine is the best available biomarker of ETS exposure at presentlvii

Molecular Level Markers
Biomarkers for ETS-related Carcinogens
Among the carcinogens found in tobacco smoke are benzene, volatile and tobacco-specific N-
nitrosamines (TSNA), aromatic amines, polynuclear aromatic compounds and polonium-210lviii   
Undiluted sidestream smoke contains higher concentrations of certain carcinogens than mainstream
smoke, including benzo(a)pyrene (BP) (2.5- to 3.5- fold) and 4-aminobiphenyl (31-fold).  These
carcinogens have been identified using analytical methods for the detection of carcinogen metabolites or
their adducts to proteins.  Carcinogen biomarkers such as these promise to be important in delineating the
role of ETS as a possible cause of lung cancer in nonsmokers.  The incorporation of biomarkers into
epidemiological studies can potentially provide greater specificity in linking exposure and disease than
conventional techniques.  This approach has become known as "molecular epidemiologylix  There are now
data in the literature on the uptake and metabolism by nonsmokers exposed to ETS of all three major
classes of carcinogens in tobacco smoke: PAH, nitrosamines, and aromatic amineslx.

The potential role of carcinogen biomarkers in helping to define relationships between cigarette smoke
exposure and cancer may best be seen by considering their use in studies of active cigarette smoking and
cancer.  Cigarette smoking is recognized as the major cause of lung cancer worldwide, with relative risks
typically 10 - 20 times greater in smokers than in nonsmokers.  This has been documented through case-
control and prospective epidemiological studiesxvii.  The relative risk for lung cancer and other cancers in
smokers is so great that the application of carcinogen biomarkers has not been necessary to establish a
potential causal relationship.  Nevertheless, numerous carcinogen biomarker studies have been carried
out.  Examples include the quantitation of carcinogen hemoglobin adducts, carcinogen DNA adducts, and
carcinogen metabolites in urinelxi.  These studies, which are generally small in scale and have been
described as transitional epidemiological studies,lxii have bolstered the connection between smoking and
cancer by providing a mechanistic framework for understanding it.  At the same time, these studies have
helped to validate carcinogen biomarkers through comparisons of their levels in smokers, who have
documented exposure to carcinogens, with those of nonsmokers.

Carcinogen biomarkers can be used to strengthen the epidemiological findings.  The ideal biomarker,
which could integrate tobacco-specific carcinogen exposure and metabolic activation over a lifetime and
provide an estimate of total internal dose of ETS, does not exist.  At present, substitutes have to be used.
Among the most common carcinogen biomarkers used are PAH-albumin adducts, and adducts related to
aromatic amine including 4-aminobiphenyl (ABP), and N-nitrosamine exposure.

PAH-Albumin Adducts
A 1994 studylxiii evaluated a number of complementary biomarkers in Hispanic and African-American
preschool children and their mothers with varying exposure to ETS.  The biomarkers used included serum
cotinine and polycyclic aromatic hydrocarbon (PAH)-albumin adducts; PAH-albumin has a considerably
longer half-life than cotinine (21 days).

The results demonstrated that ETS exposure of young children via their mothers' smoking is associated
with increases in the internal dose of ETS (cotinine) and in the biologically effective dose of the PAH
components of ETS (PAH-albumin adducts).  Because of the observed correlation between protein and



DNA binding by PAH and other carcinogens, albumin adducts indicate that DNA damage is occurring.
Thus, PAH-protein adducts provide dosimetry data that are relevant to potential risk of cancer from these
carcinogenslxiv,lxv.  In this study, ETS was the most important environmental contributor to PAH-albumin
adducts in nonsmokers.  Maternal smoking was the greatest contributor to these biologic markers in the
children.  Another result of note was that levels of both cotinine and PAH-albumin adducts were
markedly elevated in the mothers who smoked compared with the nonsmokers, with a significant
correlation between cotinine and cigarettes per day.  In the nonsmoking women, total passive smoking in
the home was highly correlated with cotinine but not with albumin adducts, likely due to differences in
the half-lives of the biomarkerslx.

Aromatic Amines
In contrast to cancers of the upper respiratory tract, for which tobacco-specific N-nitrosamines (including
NNK and NNAL), polynuclear aromatic compounds and radioisotopes have been implicated as causative
agents, bladder cancer seems more likely to be caused by aromatic amines.  Several studies have
demonstrated proportionality between carcinogen binding to DNA and carcinogen binding to
hemoglobinlxvi,lxvii.  Therefore, 4-aminobiphenyl hemoglobin adduct level has been used as a dosimeter
for DNA damage in tissues of adult smokers.

Epidemiological studies and assessments of cancer risk from ETS have been limited by inadequate data
on individual exposure to ETS and on the range of variability in human biologic response to that
exposure.  In particular, potential risks of ETS exposure to minorities, to young children and to women of
reproductive age have not been well characterized.  Biomarkers can be useful in addressing these gaps in
knowledge by providing direct measurements of the internal and biologically effective dose of ETS,
molecular effects, and susceptibility factors that modulate them.

Biological Variability
In a 1993 studylxviii three different methods of estimating exposure, questionnaire, urinary cotinine and
ambient nicotine, were compared on a cross-sectional basis in a population with varying degrees of
exposure.  Urinary cotinine and ambient nicotine concentrations were highly correlated with each other.
This correlation suggests that, even though one is a measure of exposure and the other a measure of dose,
they provide equally valid but redundant information about exposure in this study population. The choice
between the two then depends on feasibility, and one component of feasibility is the variability of the
measure; the greater variability the greater the number of measurements which must be made for accurate
exposure estimation.  While both measurements showed variability over time, urine cotinine was more
variable.  At least two factors contribute to this variability: the half-life of cotinine and the measurement
of creatinine.  Since the half-life of cotinine is 32-82 hours in young children, the level of cotinine in the
urine is highly influenced by exposures over the past several days.  Thus, this component of the
variability reflects the true variability in the exposure.  Standardizing urinary cotinine by creatinine
introduces another potential source of variability, this one due to error.  Examination of cases with
unusually elevated cotinine:creatinine ratios found that the creatinine concentrations were very low.  At
low concentrations, very small laboratory measurement error has a large effect on the cotinine:creatinine
ratio.  Nonetheless, a stronger correlation was found between activity room nicotine and the
cotinine:creatinine ratio than between nicotine and unstandardized cotinine, confirming the importance of
adjusting for urine dilutionlxviii.

ETS in the Home Environment
There have been a number of recent studies of ETS exposure of adults living in major European
citieslxix,lxx,lxxi,lxxii .  Exposure to ETS was estimated by direct measurement of RSP, surrogate measures
(i.e. nicotine, 3-vinyl pyridine, UVPM, FLPM, solanesol) and biomonitoring (i.e. salivary cotinine).  With
respect to the home environment, exposure to nicotine and ETS particulates was reported to be 4 and 7
times more (respectively) than those obtained from the workplace.  This conclusion was based on a
sample set of 188 subjects who wore personal monitors for a 24 hour periodlxxi.  Using cigarette
equivalents as a measure (CE)lxxiii, Phillips et. al. reported that housewives living with smokers could
inhale up to 11 CE per annum based on the upper decile levels of exposurelxxii.  While the subject
selection process does allow for some generalization, all of the data reported in these studies come from a
single 24 hour period in the life of the subjects and from personal monitoring only.   There are very few
examples of studies that have attempted to assess ETS exposure in the home environment over an
extended period of time.  In one, reported Coultas et.al.lxxiv four ETS markers were used to study ETS
exposure in 10 homes on 10 sampling days: every other day on 10 sampling days, every other day over 10
days, and then 1 day every other week over 10 weeks.  The mean concentrations of RSP in the 10 homes



ranged from 32.4 to 76.9 ug/m3 and concentrations of nicotine from 0.6 to 6.9 ug/m3 .  The authors
concluded that because of the marked variability in measures, multiple measurements are needed to
establish a stable profile of ETS exposure in the home environment.

To date, it would appear that there is only one large scale study in which homes have been randomly
selected from the community at large for an ETS exposure assessment.   This study is unique in that in
that sampling took place over a 5 day period and measurement stability was assessed by repeat
measurements one year after the initial samplinglxxv.  The design and results from this investigation are
reported in the next section(6).

Measures of ETS Exposure in Random Sample of Canadian Homes
Study Design and Sample Selection
The sample selection process utilized census tracts for the city of Waterloo which has a population of
about 80,000 and is located in the province of Ontario in Canada.  The information obtained from the
census was used to identify residential neighbourhoods in which the homes could be categorized as being
“small-old”, “large-old”, “small-new”, and “large-new”.  The actual age and size of the home was
confirmed as part of the survey.  Letters were sent to potential participants and then telephone calls made
to determine eligibility and invite participation.  The goal was to obtain approximately 200 households
spread equally over the 4 categories.

As anticipated, the pool of potential participants decreased considerably at each stage of the recruiting
process.   A total of four thousand and thirty-eight letters were sent.  Eighty-seven percent of the homes to
which letters were sent were contacted.  Fifty-one percent of these homes were eligible to participate in
the study but only ten percent of the homes which met the eligibility criteria actually participated.  The
recruitment rates were similar for all four household types ranging from a low of 9% for the “small-old”
category to a high of 11% for “small-new” homes.

The final sample set consisted of 48 homes in the “small-old” category with a median floor area of about
1000 sq. feet, 45 “large-old” homes with median floor area of about 1500 square feet, 59 “small-new”,
homes with a median floor area of about 1300 square feet and 39 “large-new” homes with a median floor
area of 2300 square feet.  The median age of the “old” homes was approximately 40 years while the
median age of the “new” homes was about 20 years.  With respect to smoking habits, there were three
types of participating households   137 homes in which there was at least one smoker and one non smoker
33 homes with smokers only and 21 homes in which all of the residents were non smokers and used as
“negative” controls.

In the first category, that is smokers living with non smokers, the average number of cigarettes smoked
per day was 18.  In homes with just smokers the average cigarette consumption was 37 cigarettes per day
about half of which were smoked in the home.

Households were visited twice.  At the first visit, a questionnaire was used to obtain information about the
household including the type of heating, use of fireplaces, humidifiers, solvents, and air cleaners.  A
second questionnaire was used to obtain demographic information, to determine behavioral characteristics
relating to smoking and to assess attitudes towards ETS.  At the end of the first visit, passive and active
monitors were placed in the area with the greatest activity which was invariably the “living” or
recreational room. The active monitor consisted of an SKC PCX-R7 personal monitoring pump
programmed to sample intermittently at 1.5 litres per minute for 2700 minutes spread evenly over 5 day
period which included the weekend.  The pump was attached to a 3-way stream splitter which allowed
samples to be collected for UVPM, solanesol, nicotine, 3 vinyl pyridine and carbonyls.  A passive
monitor  was also used to obtain a second independent estimate for concentrations of nicotine.

At the second visit, an endpoint questionnaire was administered, a saliva sample collected and the
monitors recovered.  Filters and tubes were then labeled, returned to the laboratory and the cycle repeated
until all of the households had been visited.  This took approximately 5 months from November 1993
until June 1994.
                                                       
6 Presented, in part, at the 49th Tobacco Chemists’ Research Conference September 24-27, Lexington Kentucky,
1995. This investigation consisted of two studies carried out in 1994 and 1995 .  Both were both funded by the
Canadian Federal Government through contracts to Labstat Incorporated.  Principal investigators included Steve
Brown and Rosemary Walker from the University of Waterloo, and Murray Kaiserman from Health Canada.



Results (Visit One)
Figure 7 illustrates the results for levels ETS surrogates broken down by smoking category.  As shown
here, there was a significant dependence of levels of tobacco smoke related particulates on level of
smoking as one would expect.  The concentration was virtually zero in non smoking homes rising  to an
average of about 32 ug/m3  in homes in which there were smokers only7).  The data for nicotine (active
monitoring) and solanesol showed the same sort of dependency.  The results for crotonaldelyde were both
unexpected and interesting.  The concentration of this compound was strongly related to the level of
smoking which was not the case with any of the other carbonyls including formaldehyde and
acetaldehyde.  This suggests that crotonaldehyde could be another useful surrogate for ETS.

Another unexpected finding concerned concentrations of cotinine in saliva obtained from non smokers
living with smokers.  These were not related to levels of any of the ETS surrogates determined in the
home (Figure 8).  There are a number of explanations possible for the absence of a correlation but the fact
that the home is only one of a number of sources of nicotine exposure ranks high on the list.

When the nicotine results from passive and active monitoring were compared, the hypothesis that the
slope parameter was equal to one was accepted indicating agreement between the two measures (Figure
9).  However the intercept term was significant suggesting a background level equivalent to about 1 ug/m3

of nicotine.  This could have come from the cassettes themselves, or could have been introduced during
the preparation of the bisulfite treated filters which are part of the monitors.

                                                       
7 Note: Average cigarette consumption in the “SA” homes was 9 per day in the home but 18 per day in the “SO”
homes



Methods and Results (Visit Two)(8)
The second part of the investigation took place a year later and was undertaken to determine the stability
of levels of the various measures and to validate the questionnaire responses obtained a year earlier.  This
aspect of the study involved revisiting a subset of about 50 homes chosen from those which had
participated in the original 1994 study.

A list of potential candidates was developed based on the following criteria.  To be included, the home
must have had smoker cohabiting with nonsmoker and the home categorized as either “small-old” or
“large-new”.  There was the additional requirement that a complete set of ambient air measurements were
available from the earlier project.  24 small old homes and 23 large new ones met these criteria.  Eligible
households were sent a letter explaining the purpose of this phase of the investigation and told to expect a
phone call with regard to their participation.  Each was contacted and during the phone conversation, it
was determined that the same participants were still living in the home and that their smoking status had
not changed ( that is, the smoker still smoked and the nonsmoker still did not).  In summary, a total of 62
letters were mailed and 58 of households were contacted by phone.  Forty-one agreed to participated
which is about 70% of those who could be contacted in contrast to the acceptance rate of about 10% in
the initial investigation.  Once subjects have part of a study of this sort, it would appear that there is an
excellent chance that they would be willing to participate again.

The degree of correlation between the first and second surveys was investigated for each of the ambient
air measures using both Pearson and Spearman correlation coefficients.  Spearman coefficients, which are
based on ranks are not as sensitive to outlying values.  As shown in Table 3, there was a significant
association between the 1994 and 1995 readings for nicotine, formaldehyde, acrolein, and
crotonaldehyde.   With respect to acrolein and formaldehyde this association was not significant when
assessed using ranks.

Constituent
Pearson
Correlation
Coefficient

Spearman
Correlation
Coefficient

H0 βo:=0
(p-value)

Nicotine (passive monitor)    0.85   *    0.90   *    0.65
Nicotine (active monitor)    0.57   *    0.49   *    0.0034 *
3-Vinylpridine    0.23    0.17    0.0024 *
Salivary Cotinine    0.0031   -0.037    0.010  *
Solanesol    0.12    0.026    0.0070 *
UV Absorbing Matter (UVPM)    0.096    0.22    0.040  *
Formaldehyde    0.36   *    0.29    0.47
Acetaldehyde    0.23    0.11    0.066
Acetone   -0.067   -0.13    0.019  *
Acrolein    0.61   *    0.29    0.022  *
Proponaldehyde    0.0087   -0.11    0.065
Crotonaldehyde    0.38   *    0.35   *    0.068
Methyl Ethyl Ketone    0.067    0.055    0.019  *
Butylaldehyde    0.21    0.17    0.11
Total Carbonyls   -0.078   -0.013    0.043  *

* indicates significance at a = 0.05

If the data from the two time periods agreed completely, a plot of the data should be linear with an
intercept of zero and a slope of one. The hypothesis of a zero intercept was tested first since a
“significant” intercept term would suggest that, on average, the 1995 readings were increased or
decreased relative to those obtained in 1994.  The p-values for these tests are shown in the last column in

                                                       
8
 When examining the, it is important to note that there was no evidence for a change in smoking rates during the

interval between surveys.  The correlation between the two occasions was 0.88 and is statistically significant
(p<.001).  The most notable change was in the non smokers self reported exposure to ETS.  In 1994 35% of the
subjects reported workplace exposure.  In 1995 this decrease to 7%.

Table 3:  Correlation Coefficients and Tests of the Hypothesis : Intercept(βo)= 0 by Constituent.



Table 4.  Using a cut-off point of p>.05, there were six measure which, on average, had not changed
between samplings..  Regression lines through the origin where then fit for this group and the resulting
estimates for the slope parameter, are shown here.  The hypothesis that the slope was equal to unity was
tested and accepted for all of the compounds listed with the exception of butylaldehyde.

Table 4 : Tests of Hypothesis Beta = 1 for Constituents For Which the Intercept (βo)= 0

MODEL: READING(1995) = β * (READING(1994))

Constituent Estimate for β H0: β=1
 (p-value)

Nicotine (passive)    0.8727    0.1004
Formaldehyde    0.9341    0.5807
Acetaldehyde    1.344    0.0902
Proponaldehyde    1.190    0.4068
Crotonaldehyde    0.9501    0.7271
Butylaldehyde    0.5192    0.0001  *

        * indicates significance at a = 0.05

Plots of the data are far more informative than estimates of regression coefficients.  As shown in Figure
10, the stability of the nicotine results over time as determined by passive monitor, was quite remarkable.
One might have anticipated that with the increased restrictions on smoking in public places in Ontario,
including the work environment, there would have been more smoking in the home environment.  This
very limited data set does not support that particular suggestion.

Again, it was interesting to note that, levels of crotonaldehyde were also rather stable over the two
sampling periods.  This was encouraging with respect to the potential usefulness of this compound as a
surrogate for ETS.

Summary
In summary, levels of ETS related constituents in a sample of Canadian homes are similar to those found
in other investigations of the home environment.  Concentrations were rather small, approaching
analytical detection limits in some instances, but with remarkable stability over time particularly with
respect to passive monitor nicotine and crotonaldehyde



FIGURE 1



A.  BAT Fish-tail Chamber (Diagram)

FIGURE 2

B.  BAT Fish-tail Chamber (Example)
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Tobacco Smoke Particulates and Smoking Level

Smoking Level
CO SA SO

(Measured as UVPM)

XAD-4 Nicotine in Relation to Smoking Level

Smoking Level
CO SA SO

Solanesol and Smoking Level

Smoking Level

S
ol

an
es

ol
 (u

g/
m

3)
CO SA SO

0

0.1

0.2

0.3

0.4

0.5

CO SA SO

Crotonaldehyde and Smoking Level

Smoking Level

0

0.2

0.4

0.6

0.8

C
ro

to
na

ld
eh

yd
e 

(u
g/

m
3)

Figure 7



Salivary Cotinine in Relation to Ambient Air Nicotine
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Figure 9



Figure 10



Legends for Figures

Figure 1:  Modified Neurath chamber used in initial studies of the chemical composition of sidestream
tobacco smoke (see reference 2 for further details).

Figure 2:  Part A: A diagramatic representation of a chamber for the collection of sidestream smoke first
described in 1988 by a group of scientists working for the British American Tobacco Company (see
reference 3 for further details).  Part B.  A photograph of sidestream chambers being used in smoke
generation and collection.

Figure 3:  Part A.  Mainstream (MS) and sidestream(SS) yields of benzene in relation to mainstream
yields of “tar”.  Results for 40 brands of Canadian cigarettes using a linear Filtrona 20 port linear smoking
machine under ‘standard’ conditions (i.e. puff volume of 35 ml, 2 second duration with an interpuff
interval of 58 seconds).  Part B.  SS:MS ratio in relation to MS “tar” for 20 brands of Canadian cigarettes.

Figure 4:  Changes in the carbonyl composition of sidestream smoke with time.  Sidestream tobacco
smoke was generated continuously the sequential smoking of single cigarettes in a 27m3 controlled
environment room (see text for further details)

Figure 5:  Simulation of the changes in the concentration of nicotine ETS particulates and the
particulate:nicotine ratio.  Modeling envolved the following assumptions: total volume of space, 340m3;
single source of smoke (the equivalent of one cigarette burning continuously) and effective ventilation
rate of 0.75 ACH.  (See references 8-10 and text for further details)

Figure 6:  Contribution of various common domestic sources of air pollution to levels of specific ambient
air contaminants.  Particulate levels in relation to ETS surrogates (UVPM, solanesol, and nicotine)
illustrates that UVPM will overestimate ETS particulates in the presence of wood smoke. (see text for
further details)

Figure 7:  Average ETS surrogate response in relation to level of smoking for a random sample of
Canadian homes (Abbreviations: CO, control homes (i.e. no smoking); SA, one smoker living with non
smokers; SO, homes in which all of the adults were smokers).

Figure 8:  Levels of salivary continine in relation to the concentration of nicotine in ambient air.

Figure 9:  A comparison of results for ambient air nicotine obtained by two sampling methods

Figure 10:  A comparison of levels of nicotine and crotonaldehyde in the same homes at two points in
time separated by approximately one year.

.
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